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Abstract
We proposed a technique for improving the platinum (Pt) Schottky contact dark current of the AlN/GaN/AlN/Si(111) substrate. The AlN/GaN/AlN/ heterostructure sample was successfully grown on a silicon substrate by radio frequency molecular beam epitaxy. The high quality of the interlayer heterostructure sample was verified by transmission electron microscopy
(TEM). From the TEM image, a good quality single interface layer with spacing less than 1 nm was detected. The strong
significant peaks obtained by X-ray diffraction measurement indicated that the sample has a high structural quality for each
grown layer. Dry oxidation and thermal annealing were used in conjunction to effectively reduce the leakage current of the
Schottky contact of the AlN/GaN/AlN/Si(111) substrate. Energy-dispersive X-ray analysis revealed the presence of the element oxygen. Dry oxidation enhanced the surface roughness and surface-active area of the samples. Al2O3 contributed to the
low leakage current of the Pt Schottky contact of the AlN/GaN/AlN/Si(111) substrate. The Al2O3 layer acted as an insulator
layer, and retarded the current flow of devices.
Keywords: aluminum nitride, annealing, oxidation mechanism, silicon substrate, thermal oxidation

known technological benefits, are inexpensive, and can
be used for hybrid integration. Schottky contact is the
preferred metal contact type for metal–semiconductor–
metal photodetectors because of their low dark current
and good performance [6]. The high quality of the crystal structure and the high value of the Schottky barrier
height (SBH) are the main factors in achieving a good
rectifying behavior of Schottky contact. The low leakage current of the Schottky contact contributes to the
high ratio of photocurrent to dark current, subsequently
reducing the consumption of operating power. To
achieve a low dark current on a device, we can use high
work function metals. However, many high-work-function metals are unstable. Moreover, at the metal–AlN
interface, considerable interdiffusion could occur. The
formation of an oxide layer between the metal and the
AlN layer is believed to solve the interdiffusion problem and suppress the dark current of the photodetectors.
Thermal treatment is normally used to improve the
metal deposition contact or enhance the structural quality of the as-grown layers. Furthermore, thermal treatment

Introduction
III-nitride semiconductor device development has a significant impact on a variety of technologies, including information storage, full color displays, true color copying,
underwater communications, local area networks,
space-to-space communications, high temperature power
electronics, and microwave electronics [1–3]. The use
of aluminum nitride (AlN) as a buffer layer for the development of device grade gallium nitride (GaN), as
well as for applications in electroacoustic, acousto-optic,
and optoelectronic devices, has particularly drawn substantial attention [4]. The high thermal conductivity
(82–170 W/mK), high density, broad bandgap, and high
electrical resistance of ceramic AlN material make it
particularly popular in the electronic industries, particularly for applications in thermally conductive devices
[5]. Because it enables in-situ measurement of surface
roughness and rebuilding during growth, molecular
beam epitaxy (MBE) is an excellent technology for device development. Silicon substrates provide well203
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is used to oxidize the AlN film at a certain high temperature.
The AlN film tends to form an oxide layer, which consists of aluminium oxide (Al2O3), when sufficient temperature and time are provided during the thermal oxidation process. A thin oxide layer is grown between the
contact and the semiconductor through the oxidation
process to successfully lower the reverse leakage current of the device. Thermal oxidation process is also an
effective method to increase the size of the surface active area. However, thermal treatment can reduce the
capability of AlN to a good thermal conductivity [7].
Generally, AlN powder is oxidized at temperatures of
550 °C–1,100 °C [8]. Oxidation treatment of thin films
have been reported by other researchers at temperatures
ranging from 1,000 oC to 1,390 oC [8]. Studies on the
effect of the oxidation process on AlN powder [8] and
bulk [9–14] have been conducted by many researchers.
To the best of our knowledge, no reports on the effect
of oxidation on high quality AlN layers have been published. The AlN/GaN/AlN heterostructure layers were
grown on silicon substrate by radio frequency MBE
(RF-MBE). The AlN/GaN/AlN/Si substrate is beneficial to the fabrication of high reliability metal–oxide–
semiconductor field-effect transistor and metal-oxidesemiconductor capacitor devices. Moreover, the effect
of thermal annealing of platinum (Pt)-oxidized
AlN/GaN/AlN on Si substrate was investigated. On this
basis, the relationship between the thermal annealing on
Pt-oxidized samples at different temperatures was discussed, which includes ideality factor and Schottky barrier height values to the sample.
In this work, dry oxidation treatment was used to form
Al2O3 on the AlN/GaN/AlN/Si(111) substrate. The surface morphological, structural, and electrical properties
of the samples are investigated by scanning electron microscopy (SEM), atomic force microscopy (AFM),
high-resolution X-ray diffraction (HR-XRD), and current–voltage (I–V) source meter. The transformation of
the surface of the sample before and after oxidation is
investigated in detail. Energy-dispersive X-ray (EDX)
analysis confirmed the presence of the element oxygen
that emerges from the Al 2O3 surface layer after the dry
oxidation process was completed. The AFM measurement showed that the oxidized sample has a rougher
surface than the control sample because of the formation of the oxide layer, which consists of Al 2O3, on
the surface of the sample.

Methods
A Veeco RF-MBE machine is used to grow the
AlN/GaN/AlN/Si(111) substrates. To analyze the effects
of dry oxidation and thermal annealing on the sample,
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Figure 1. (a) Cross-sectional and (b) Top Views of the
Schematic Design of Pt Schottky Contact Fabricated on the Sample

the sample is placed in a conventional tube furnace in
dry oxygen ambient for 75 min. The cross-sectional image of the AlN/GaN/AlN/Si(111) sample was examined
by transmission electron microscopy (TEM; Model:
JEOL). The surface morphology and composition of
each element of the sample were analyzed by fieldemission SEM (Model: FEI Nova NanoSEM 450) and
Energy EDX, (Model: FEI Nova NanoSEM 450), respectively. The surface roughness and structural property of the samples were determined by AFM (Model:
Dimension EDGE, BRUKER) and HR-XRD, (Model:
PANalytical X’Pert PRO MRD PW3040), respectively.
The metal mask used for Schottky contact fabrication
consists of an array of dots with a diameter of 200 µm.
The Pt contacts were placed on the top surface of the
samples (see Figures 1(a) and 1(b)). A radio frequency
sputtering machine (Model: Auto HHV500) was used to
fabricate Pt contacts on the samples. Then, the fabricated Pt Schottky diodes were annealed for 10 min at
temperatures of 500 °C and 700 °C in a conventional
tube furnace in a flowing nitrogen environment. The
electrical properties of the Schottky diodes were (analyzed based on the current-voltage the I–V) characteristics of the device. The Keithley Model 82 simultaneous
C–V system was used to measure the I–V characteristics of the device.

Results and Discussion
TEM images of the interface between three nitride layers
and the silicon substrate were obtained (refer to Figure
2). A clear thin layer was observed for each nitride layer
with a thickness of 69.94, 345.3, and 103.4 nm for the
AlN, GaN, and AlN buffer layers, respectively. Notably,
the interface layers contained defects with a disordered
arrangement because of the occurrence of lattice
mismatch between layers. Figure 3 shows the SEM
images of the (a) control and (b) oxidized samples. The
oxidized sample has a higher surface roughness than the
December 2021  Vol. 25  No. 4
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control sample. More oxide pores formed at the surface
layer because of the interchange between the elements
nitrogen and oxygen. The AlN layer is transformed into
oxide form in the temperature range of 800 °C to 900 °C
and completely transformed to the oxide layer at 1,100°C
for 3 h [11]. The oxidation of AlN induces metalization
because the surface-active area is larger than the actual
adhesion area [14, 15]. Lee et al. [11] reported the
nucleation of three-dimensional (3-D) islands, as well as
triangular and circular islands, on the AlN surface when
the oxidation temperature reaches 800 °C.
Figure 4 shows the AFM images of the (a) two-dimensional (2D) and (b) 3D control samples and (c) 2D and
(d) 3D oxidized samples. The root–mean–square (RMS)
value of the control sample is 0.0544 µm, whereas the
RMS value of the oxidized sample is 0.547 µm. The results are consistent with the SEM images. The oxidized
sample has a rougher surface than the control sample because of the formation of the oxide layer during the

Figure 2. TEM Image of the Control Sample
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oxidation process. With sufficient temperature, the oxygen ion can easily replace the nitrogen ion during AlN
bonding to form Al2O3. Cao et al. (2017) detected large
pores on the oxide surface after annealing the AlN powder at temperatures between 900 °C and 1,300 °C in ambient air [16]. The formed oxide surface is believed to
become granular or bubble-like when the sample is annealed in dry oxygen ambient [17]. Meanwhile, the structure of the oxide surface becomes semicrystalline columnar when the AlN layer is annealed in mixed wet and dry
oxygen ambient [18]. Yeh et al. (2017) revealed that the
grown oxide surface of polycrystalline AlN is not continuous after annealing the sample under dry air conditions
at a temperature of 1,150 °C [19]. The oxide surface of
AlN powder has pores and cracks [20] and becomes more
porous [21] after annealing in ambient air and dry oxygen
ambient, respectively. Meanwhile, the oxide layer grown
on single-crystalline AlN in dry oxygen ambient is believed to have amorphous characteristics [22].

Figure 3. SEM Images of the (a) Control and (b) Oxidized Samples

Figure 4. AFM Images of the (a) 2D and (b) 3D Control Samples and (c) 2D and (d) 3D Oxidized Samples
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Figure 5 shows the EDX analysis of the samples. All of
the samples were free of any contamination or foreign elements. Notably, the oxidized sample contained the element oxygen (see Figure 5(b)). EDX analysis confirmed
the presence of Al2O3 at 21.29 wt% on the surface of the
sample. Figure 6 shows the XRD scans for the control
and oxidized samples. The presence of AlN/GaN/AlN
layers on the samples was validated by the XRD spectra.
The XRD spectra of the samples do not show any oxide
phase, indicating that the oxide layer is thinner than all of

the grown layers. Figure 7 shows the I–V characteristics
of the oxidized sample under dark conditions, operating
under forward and reverse biases. The electrical characteristics of the Pt Schottky contact show the rectifying
behavior. The inset graph shown in Figure 7 indicates the
replotted data for the oxidized sample. All of the I–V results show the Schottky behavior. The oxidized samples
show lower current responses than the control samples.

Figure 5. EDX Analysis of the (a) Control and (b) Oxidized Samples

Figure 6. XRD Analysis of the (a) Control and (b) Oxidized Samples
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Figure 7. Electrical Characteristics of Schottky Contact on the Oxidized Sample

The grown oxide layer acted as an insulated layer and retarded the electron flow, subsequently contributing to the
low current flow. Moreover, because of the difference in
the coefficient of thermal expansion between AlN (4.5 ×
10−6°C−1) and Al2O3 (8.8 × 10−6°C−1) [15], mismatched
structures are believed to form at the AlN–Al2O3 interface during the cooling process. The oxidized samples
annealed at 400 °C and 600 °C have higher current responses than the oxidized sample without thermal annealing.
The detailed analysis of the Schottky contact property of
the Pt-dotted contacts can be well investigated using the
following equation [23,24]:

(

I = I o exp eV

)1 − exp (− eV kT )
nKT



(2.0)

where S is the active area, B is the SBH, and A* is the
Richardson parameter. Equation (1.0) can also be expressed as follows:
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(3.0)

When temperature T  370 K and the applied voltage V
 −0.5 V, Equation (3.0) can be rewritten as follows:

I exp(

ln I +

eV
eV
) = I 0 exp(
)
kT
nkT

eV
eV
= ln I o +
kT
nkT

(4.0)

(5.0)

(1.0)

where I is the obtained current, Io is the saturated current,
V is the applied voltage, and n is the ideality factor. Io can
be expressed as follows:

I o = SA*T 2 exp(− q B / kT )

I exp(eV / kT )
= I 0 exp(eV / nkT )
exp(eV / kT ) − 1

eV 

 ln I +

kT 
Finally, the plot of 
vs. V will yield a straight

line of the slope

= e / nkT

and y-intercept at

ln I o .

Table 1 shows the summary of the electrical characteristics of the samples. Generally, we determined that dry
oxidation treatment resulted in more significant changes
to the SBH of the oxidized sample than the control sample. Dry oxidation and thermal annealing have
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Table 1.

SBH and Ideality Factor of the Samples

Sample

Ideality
actor,
n

Barrier
height,



B

Current at
5 V (µA)

(eV)

Control
Oxidized

1.02
1.03

0.391
0.837

24,884.63
0.04

Oxidized + 400°C

1.02

0.430

3,810.32

Oxidized + 600°C

1.02

0.371

747.90

increased the barrier height and decreased the current
value. The stabilities of the ideality factor for all of the
samples indicate that dry oxidation does not affect the
metal contact interface. If the ideality factor value is
higher than 1, then series resistance dominates the current
slope in the forward current. The high ideality factor
value can be attributed to the barrier inhomogeneities, interfacial oxide layers, and series resistance under forward
bias conditions [25].

Conclusion
We have successfully demonstrated a simple method to
modify the leakage current of the Pt Schottky contact of
the AlN/GaN/AlN/Si(111) sample using dry oxidation
treatment. The sample was grown by RF-MBE on a silicon substrate. The high morphological and structural
qualities of the samples were confirmed using the TEM
and XRD machines. The presence of the element oxygen
is confirmed by EDX measurement. The dry oxidation
process is believed to increase the surface roughness of
the samples. Consequently, the Al2O3 layer is believed to
produce a low leakage current. Finally, the SBH is determined to have a lower value after the formation of Al2O3.
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